In the present study, we have determined the emission factors (EF) and estimated the emission of particulate matter (PM), organic carbon (OC), elemental carbon (EC), polycyclic aromatic hydrocarbons (PAHs), water soluble inorganic constituents (WSIC) and trace gases such as SO 2 , NO and NO 2 from the combustion of biomass fuels (FW: fuel wood and DC: dung cake) used in rural sectors for cooking over Himachal Pradesh (HP), representing the Northwestern Himalayan region of India. The average EFs of PM estimated from FW and DC were 3.44 ± 2.38 and 11.43 ± 1.13 g kg -1 , respectively. OC and EC emission ranged from 0.106 to 3.55 g kg -1 and 0.07 to 0.90 g kg -1 , respectively for variety of biomass fuels. Total emission of PAHs from DC (44.37 mg kg ) noted in this study was almost similar. Similarly, the average EFs of NO x from FW and DC were 0.59 ± 0.49 g kg -1 and 0.34 ± 0.18 g kg -1 , respectively. FWs have comparatively higher SO 2 emission (average: 0.43 ± 0.38 g kg -1 ) than from DC (average: 0.23 ± 0.15 g kg -1 ). Among anionic inorganic constituents emitted from FW, maximum EF was noted for Cl -(0.30 ± 0.26 g kg -1 ). Similarly for cations, highest EF was noted of K + (0.20 ± 0.09 g kg -1 ). Ca 2+ and Na + were the major cationic species identified in plumes of DC burning. Utilizing total annual consumption of biomass fuels and EFs of particulates and trace gases determined in the present study over HP and in the past study (Saud et al., 2011 over Uttarakhand, budget estimates of PM, OC, EC, TC, PAHs, SO 2 and NO x have been determined over the Northwestern Himalayan region. Total annual emission estimated over Northwestern Himalayan region are as:
INTRODUCTION
Rural areas of developing nations largely depend on unprocessed biomass fuels (fuel wood, dung cake and crop residues) for cooking and other household work. Use of such biomass in unvented stoves and poorly designed kitchens resulted in the emission of particulates and trace gases into the atmosphere (Bond et al., 2004; Yang et al., 2008) , that greatly influence not only the local but the distant atmosphere as well by long range transport. Biomass burning emissions (including aerosols and trace gases) have been the focus of the study for many researchers as they not only influence Earth's radiation balance via scattering and absorption of incoming solar radiation, but also emissions like polycyclic aromatic hydrocarbons (PAHs) have a severe deteriorating impact on human health (Davidson et al., 2005; Ramanathan and Carmichael, 2008) . Besides these direct effects, biomass burning emissions can also indirectly affect climate by modifying cloud microphysical properties (Novakov and Corrigan 1996; Markus et al., 2009) .
Particulates in the biomass burning smoke mainly composed of carbonaceous aerosols, consist of organic carbon (OC) which scatters most of the solar radiation resulting in a net negative radiative forcing and elemental carbon (EC) which absorbs solar radiation and is primarily responsible for net positive radiative forcing (Andreae et al., 2004; Bond and Bergstrom, 2006; Ramanathan and Carmichael, 2008) . Volatile organic compounds (VOCs) emitted during the combustion of biomass is converted into secondary organic aerosol (SOA). Sudheer et al. (2015) , studied the formation of SOA over the semi-arid environment of Western India, the water soluble organic compound (WSOC) and SOA calculated by EC tracer method exhibit a strong linear correlation suggesting the considerable amount of SOA over the region. Similarly, Rastogi et al. (2015) studied the role of sources and meteorological conditions in SOA formation over Indo Gangetic Plain, their study suggested the day time oxidation of VOCs to SOA from the oxidants like OH -, O 3 , whereas night time oxidation is governed by NO 3 -radical. Study by Rastogi et al. (2015) also revealed that the contribution of biomass burning emissions to carbonaceous aerosols is relatively more than those from fossil fuel burning. Certain types of carbonaceous aerosols such as volatile organic compounds (VOCs) and PAHs are harmful to human health (Nel, 2005) . PAHs are a class of organic compounds that are semi volatile in nature and contain two or more aromatic rings. They are highly carcinogenic, especially benzo [a] pyrene, which can cause immune suppression in both animals and humans (Hall, 1989) . Besides carbonaceous aerosols, water soluble inorganic cations and anions like ammonium chloride and potassium chloride (Alves et al., 2010) act as cloud condensation nuclei, thereby causing negative radiative forcing (Cachier and Ducret 1991; Penner et al., 1992) . Alongside of particulates, trace gases like SO 2 and NO x (NO + NO 2 ) are also emitted from biomass combustion which generally depends on the burning properties of the biomass fuel (pyrolysis, flaming and smoldering). SO 2 and NO x are primarily the sources of secondary aerosol (sulphate and nitrate) in the atmosphere which are formed by gas to particle conversion (Xu and Penner, 2012; Sharma et al., 2014a) . SO 2 and NO x owing to its gas to particle conversion under optimum conditions have been studied widely for different categories of biomass (Reddy and Venkataraman, 2002; Gadi et al., 2003; Saud et al., 2011) . Kuniyal et al. (2015) studied the particulate concentration in the Kullu valley (Himalayan region) and reported that coal, wood and straw burning could be the reason for the particulate concentration over the region. The major source of fluoride and potassium in the Himalayan region is possibly due to burning of wood and straw. Sharma et al. (2014b) studied PM 2.5 and gaseous pollutants (NH 3 , NO, NO 2 , and SO 2 ) over a wide area of the northwestern Himalayan region (Palampur, Kullu, Shimla, Solan and Nahan) of India, study reveals that the region is mainly influenced by the local activities, i.e., tourism activities, agricultural activities, biomass burning and vehicular emission. These pollutants along with the valley winds gets transported to the even higher altitudes that eventually coincides with glaciated terrain, results in increasing melting rates (Mayewski and Jeschke, 1979; Gautam et al., 2009b) .
Quantification of different chemical species from the combustion sources is imperative at the regional as well as on global scale to successfully perceive its atmospheric impacts. To estimate the emissions of aerosol and trace gases from biomass combustion, so far, we have calculated the emission factor (EF) (amount of target species emitted per amount of dry fuel consumed in g kg -1
) for the different chemical species over Indo Gangetic Plain (IGP), India (Saud et al., 2011 , a region characterized by high agricultural activities with a variety of crop production and cattle proportion involved in dairy production. In another study, Sen et al. (2014) from our group reported the emission estimate of particulates and trace gases emitted during the burning of biomass collected from the western India, region with great geographical variability ranging from the arid deserts of Rajasthan to the coastal areas of Gujarat and Maharashtra of India.
Probably for the first time present study has been taken to estimate the emission of PM, OC, EC, PAHs, WSIC, SO 2 and NO x from the combustion of FWs and DC, collected from the rural areas of Himachal Pradesh. Using EF s values of particulates and trace gases from our earlier study (Saud et al., 2011 Singh et al., 2013) over Uttarakhand along with the EF s values estimated in the present study for the above mentioned chemical species over Himachal Pradesh, we have also estimated the total emission of the aforesaid chemical species over the Northwestern Himalayan region of India.
METHODOLOGY

Description of Sampling Site and Collection of Biomass
Himachal Pradesh (HP) is a state of northern India situated in the North western region of Himalayas between 30°12'40''-33º 12'4''N latitudes and 75°47'55''-79°04'22''E longitudes. It is bordered by Jammu and Kashmir in the north, Punjab on the east, Haryana on the South, Uttarakhand on the Southeast and Tibet on the East. HP is the least urbanized state with 90% population living in the rural areas and widely depends on biomass fuels as a source of energy. Biomass samples comprising of fuel wood (all types of woods used as an energy source) and (ii) dung cakes (faeces of domestic animals) were collected from 20 different rural sites of HP covering almost entire residential part of HP (see Fig. 1 and Table S1 ). Biomass sampling sites were selected considering the fact that these sites (i) represent villages with population >1000 (ii) 50-70% of the inhabitants of the village dependent on biomass as their primary source of energy to meet their household requirements, (iii) the two sites from each districts must be away from the district head quarters by 10-15 km. A total of fifty-six samples comprising of 28 different types of FW (Table S2 ) and 03 samples of DC were collected and burned in the biomass burning setup as discussed in the subsequent section.
Biomass Burning Set-up
Biomass fuels collected were dried in a natural environment, the way the rural population using the biomass does (i.e., collecting the biomass fuels and then storing it in the sheds to be used in due course). The fuel woods collected were cut into smaller pieces of approximately 3-5 cm diameter and 15-20 cm length and burned in the biomass burning set up. Biomass burning set-up used for burning experiment was designed following the methodology of Venkataraman and Rao (2001) . Detailed description regarding the biomass burning set up (Fig. S1 ) had been reported in our earlier paper by Saud et al. (2011) . However, a brief description is mentioned in the supplementary material (S1). During the smoldering phase, generally high CO/CO 2 ratio is expected, whereas, the flaming phase reports the lower values of CO/CO 2 ratio. Impact of decrease in pressure of oxygen on these ratios hence on burning condition was studied by Philips et al. (1969) they found that the overall decrease in pressure of oxygen have not much effect on the ratio of CO/CO 2 emission. Therefore in the present study influence of decrease in the partial pressure of oxygen in the atmosphere on burning of biomass fuel at higher altitude is not addressed.
Measurement of Particulate Matter (PM)
Prior to burning of biomass, quartz micro fiber filter (QM-A) papers were baked in a muffle furnace at 550°C for 6 h to remove any traces of organic impurities and were kept in desiccators for 24 h to remove the moisture. Based on the mass difference of the filter paper before and after the burning, amount of PM emitted was determined with a micro balance (M/s. Sartorius, resolution ± 10 µg). The mass concentration was then calculated by dividing the amount deposited on QM-A filter with total volume passed during the burning of known amount of biomass sample.
Determination of OC and EC
OC and EC fraction of PM were analyzed on thermal optical OC/EC Analyzer (model: DRI 2001A; Make: Atmoslytic Inc., Calabasas, CA, USA) using IMPROVE TOR protocol (Chow et al., 1993 (Chow et al., , 2001 Fung et al., 2002) . Detail description about the principle and working of the instrument has been reported in our earlier work . Briefly, carbon fractions were heated at different temperature in pure helium to volatilized organic carbon from the sample deposit in a non oxidizing atmosphere and then in a 98% helium and 2% oxygen for the complete combustion of elemental carbon. Rau (1986) estimated the uncertainty of 4-6% in the measurements that constitutes a total of 13% uncertainty in OC and EC after considering the percentage error associated with burning system.
Analysis of PAH
QMA filter and polyurethane foam (PUF) plugs were used for the collection of particulate phase and gaseous phase PAHs, respectively. Prior to collection, QMA filters were baked at 550°C for 5 hr, similarly each PUF was cleaned three times (30min per cycle) with acetone using ultrasonication to minimize PAH blank. Details for the sample collection, storage and extraction can be noted from our earlier work Saxena et al., 2014) . Detail analysis of PAH using Gas Chromatography (GC) is described in supplementary material (S2).
Analysis of Water-Soluble Ionic Component (WSIC) and
Trace Gases SO 2 and NO X (NO and NO 2 )
Technical details of the extraction process, sample preparation and analysis of WSIC have been discussed in Saud et al. (2013) and Sen et al. (2014) . Similarly, trace gases emitted during the combustion process were estimated by the chemical wet method. Briefly, procedures for the analysis of WSIC and trace gases are described in supplementary material (S3 and S4).
RESULTS AND DISCUSSION
Distribution of Biomass Fuels Used in Rural Sector
According to rural energy data base of TERI (The Energy Research Institute) (TEDDY 2013) firewood used as the primary energy source for cooking in 70% of rural households in HP. Total consumption of different categories of biomass fuels (FW and DC) is nearly 2.1 Mt yr -1 . There is no published data about the consumption of individual biomass fuel in different areas of Himachal Pradesh. In present study percentage consumption of different FWs in rural areas for cooking and heating purpose has been determined by surveying several villages of Himachal Pradesh. 29 different types of biomass fuels (FW and DC) were collected from the 20 different rural sites of HP. It is important to mention here that each sampling site represents the rural area from where the varieties of biomass fuels were collected from different households. Fig. S2 clearly depicts that Pinus sp. and Eucalyptus were found at 20-30% of the rural sites from the 20 different rural sites. Similarly, use of Cedrela sp., Morus sp. and Cedrus sp. for cooking purpose were noted at around 15% of the rural sites while the other biomass fuels had ranged between 5-10%. Similarly, Fig. S3 illustrates the percentage variability in the types of biomass fuel used in the different districts of HP for households work. Rural households of Kangra and Hamirpur districts of HP were observed to have maximum variability (~20%) followed by Sirmur and Bilaspur (10-20%) and Kullu, Chamba, Una, Shimla, Mandi and Solan (> 10%).
Determination of Emission Factor
Experimentally determined EF (g kg -1 ) of different chemical species from the combustion of FW and DC are described in details in the subsequent section. To assure statistical significance of data, burning experiments were done in duplicate for each biomass fuel collected from different mountainous region of Himachal Pradesh. Briefly, emission factor is defined as total mass of pollutant (M x in g) emitted on burning of dry biomass (My in kg). Present study uses dilution method where the air gets well mixed in a definite ratio with the fuel extraction in the duct (Fig. S1 ). Method of obtaining M x is proposed by Dhammapala et al (2006) as:
where in Eq. (1), ∆C x is the concentration of pollutant measured within the stack, Q duct is the volumetric flow rate through the duct (m 3 s -1 ), t 0 is the time of ignition(s), and t is the time at the conclusion of smoldering, EF x is the emission factor of pollutant x.
Particulate Matter (PM)
Table 1 summarizes the emission factor of PM for two types of biomass (FW and DC) collected from different sites of HP. Table 1 also, represents the emission estimates over Northwestern region of Himalayas (discussed in subsequent section) from the reported emission values of particulates over Uttarakhand and emission values estimated in the present study over HP. In the present study, particulate emission factor for DC was almost 3.3 times higher than of FW. Average emission factors of PM for FW and DC were 3.44 ± 2.38 and 11.43 ± 1.13 g kg -1 , respectively over HP. Among the FW collected, Mallotus sp. emits considerably higher PM (8.45 ± 6.99 g kg ). Spatial variation of emission factor of PM for biomass fuels was also observed among the districts of HP; FW collected from Kullu emits higher concentration of PM (6.50 ± 4.41 g kg ) followed by Solan (4.92 ± 2.23 g kg -1 ) and Shimla (4.05 ± 1.86 g kg -1 ). Spatial variation of emission factor of PM for widely used fuel woods such as Pinus sp. and Eucalyptus sp. were also studied. PM emission was highest from the Pinus sp. collected from Solan (4.92 g kg -1 ) followed by Bilaspur (3.10 g kg -1
). Similarly, Eucalyptus sp. emits higher concentration of PM collected from the district Mandi (3.80 g kg ) followed by Chamba (2.08 g kg -1
). ) of PM, OC, EC, PAHs SO 2 , NO and NO 2 from the burning of different biomass fuels used for domestic purpose in the rural areas of HP and Northwestern region of Himalayas. Saud et al. (2011 Saud et al. ( , 2012 ; b Singh et al. (2013) .
a) EFs Particulates and carbonaceous (g kg
On comparing the present results with our earlier studies over IGP, India (Saud et al., 2011) and Western India (Sen et al., 2014) , it has been noted that the average EF of PM for FW in present study is almost comparable with the average EF from the IGP (4.34 ± 1.06 g kg -1 ) but twice on comparing with the results of Western India (1.69 ± 0.98 g kg -1
). Similarly, emission factor of PM from DC in the present study is lower than IGP (16.26 ± 2.29 g kg -1
) but substantially higher from the DC of Western India (5.37 ± 3.90 g kg -1 ). Determination of EF for FWs based on similar study conducted by Li et al. (2009) and Habib et al. (2008) , were almost comparable with our present results, however the present EF was recorded ~2.5 times lower when compared with the study carried by Roden et al. (2006) (Table 2) . Similarly, EF of PM from DC was found substantially higher than the EF reported by Habib et al. (2008) . Earlier studies (Parashar et al., 2005; Saud et al., 2012; Sen et al., 2014) concluded that the particulate EF of PM for DC is higher than that for FW (Table 2) . Our results in the present study concurred with earlier results and may be attributed to the fact that DC normally burns under smoldering conditions.
Organic Carbon and Elemental Carbon (OC & EC)
Emission of carbonaceous aerosol (organic and elemental carbon) during the combustion process is highly dependent on the characteristics of biomass fuel. Biomass fuel with low burning efficiency led to the increased emission of carbonaceous aerosol . Also, biomass fuels with high moisture when burns are responsible for higher contribution of OC to the particulates (Rajput et al., 2014) . EF of OC from FW (av. 0.60 ± 0.44 g kg ). Average EF of EC from DC was noted lower (0.26 ± 0.02 g kg -1 ) than the average EC emission from FW (0.31 ± 0.16 g kg -1 ). Contribution of OC to particulates was almost 1.6 times higher in the emissions from DC samples than from FW samples (Fig. S4 ). Possible reason of higher emission factor of OC could be the heat of combustion that was found lower (18.72 MJ kg -1 ) for DC than FW (average 21.5 MJ kg -1
). Also, DC samples had higher moisture content than FW. As a consequence, contribution of EC emissions to the particulates was higher from FW (Fig. S4) Variability observed in the emission factor of PM for the Eucalyptus and Pinus species collected from the different areas of HP could be due to the different geographical and climatic conditions in which they grow. Unlike Eucalyptus sp that normally found at the foot hills, Pinus sp grows at the higher altitude and therefore exposed to severe cold conditions. As illustrated above particulate and carbonaceous emission is minimum from the Eucalyptus sp collected from Hamirpur and maximum from the district Mandi. Geographical and climatic conditions of these two districts are different. Although, Hamirpur is situated at higher altitude (785 m, above sea level) therefore the winters are cold and summers are hot with adequate sunshine. Contrary, Mandi is situated on the bank of Beas river and has an elevation of 1044 m. Climatic conditions varies from hot sub humid tropical in the southern tract to the cold alpine and glacial in the northern and eastern mountain at the higher altitude. Comparatively, dry summers in Hamirpur and sub humid tropical conditions in Mandi and cold conditions at the higher altitude districts might be responsible for the variability in the emissions from the biomass fuels.
In the present study OC emission values from FW concur with the values reported by Guofeng et al. (2012) , whereas OC and EC EFs recorded during field based measurements from the combustion of FW (Parashar et al., 2005; Venkataraman et al., 2005; Roden et al., 2006; Li et al., 2009) were higher than those reported in the present study. Similarly, OC and EC emission factor generated in the present study from DC were lower compared to those reported by Parashar et al. (2005) (Table 2) .
Polycyclic Aromatic Hydrocarbons (PAHs)
Average emission factors of particulate phase and gaseous phase PAHs were determined experimentally following the protocol opted by Singh et al. (2013) . Results from simulated burning experiments are given in Tables 1 and 3 . Depending on the geographical area, a degree of natural variability in fuel types was noticed that has led to a range of emission factors. The average emission factor of total PAHs from DC (44.37 mg kg ), most likely due to physical adsorption of these PAHs in particulate phase only. This observation resembles with the results reported by Singh et al. (2013) and Zou et al. (2003) . In the present study, emission of particulate phase PAHs was found to be higher from DC than from FW, this could be due to the fact that DC burns mainly in smoldering phase. Also, during smoldering, the conditions become favorable for the condensation/adsorption of PAHs on suspended particles present in air and contributed an additional 70% of the total PAH load from DC and FW (Jenkins et al., 1996) . Normally, the extent of emission from biomass fuel depends on its calorific value (CV) i.e., the biomass fuel that has high burn rate leads to the lesser emission or reduction in the release of major products of incomplete combustion, vice versa of it causes significant loading of particulates . Fuel burn rate (average: 0.52 ± 0.13 kg h -1 ) observed in the present study for fuel woods ranges from0.25 kg h -1 to 0.75 kg h -1 . Values noted in the present study were in the range when compared with the values reported by Gupta et al. (1998) and Singh et al. (2013) ). This could be the reason for higher gaseous and particulate PAHs emission from the DC. Sen et al. (2014) also recorded the negatively correlation between EF and CV and observed that emission of particulates and trace gases are higher from residential biomass fuels with a lower CV across western India. Emission factors of PAHs for variety of FWs were evaluated in past by different researchers globally (Table 4) . Gadi et al. (2012) , estimated emission factor of particulate phase PAHs from biomass fuels used in the rural areas of Delhi, India were almost consistent with the present study. Among all the toxic PAHs, listed by US EPA, BaP has the highest carcinogenic potency with long term persistency in the environment. In the present study value of BaP ranged from 0.48 to 2.22 mg kg -1 (average: 0.82 ± 0.67mg kg -1 ) for FW. On comparing our mean BaP values with those reported by Singh et al. (2013) ). Among the anions, no significant spatial variation ) and budget estimation (Mg yr -1 ) of inorganic constituents from the burning of different biomass fuels used in the rural areas of HP. ) and Solan (0.43 ± 0.30 g kg -1 ). SO 4 2-emission factor was noted to be the highest for the FW collected from the Hamirpur (0.43 ± 0.22 g kg ) followed by Una, Kullu and Mandi areas of Himachal Pradesh.
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SO 2 and NO x
Average emission factors of NO x (NO + NO 2 ) and SO 2 from FW and DC based on annual consumption of the biomass fuels are summarized in Table 1 . Variability in the EF of NO x (NO + NO 2 ) was observed with the type of biomass fuels (FW & DC) . Average emission factors of NO x were estimated to be 0.59 ± 0.49 g kg -1 and 0.34 ± 0.18 g kg -1 for FW and DC, respectively. Among FW collected, higher emission of NO x was observed from Dalbergia sp. ). Comparatively, higher EFs of NO x from FW could be attributed to the fact that FW burns (flaming condition) mainly in high temperature zone (600-900°C) that leads to the reaction between atmospheric nitrogen and atmospheric oxygen which finally resulted in the thermal formation of NO (Kituyi et al., 2001) . In the present study percentage contributions of NO and NO 2 to NO x were 68% and 32%, respectively for FWs. EFs of NO and NO 2 noted for FW (0.40 ± 0.32 g kg -1 and 0.19 ± 0.17 g kg -1 ) were higher than DC (0.23 ± 0.12 g kg -1 and 0.11 ± 0.06 g kg -1 ). Spatial variability in the EFs of NO x was also observed for FW collected from the different areas of HP. EF of NO x for the FW collected from the districts Kullu (0.70 ± 0.83 g kg ) and Hamirpur (0.77 ± 0.32 g kg -1 ) were found to be quite similar, followed by Kangra (0.45 ± 0.29 g kg ) and therefore could be inferred that woods from Mandi have comparatively longer flaming phase. Also, from the above discussion it was observed that the woods from Bilaspur have lower SO x , NO x and EC emission; this could be probably attributed to the longer smoldering stage during the course of burning.
Emission Estimates of PM, OC, EC, PAHs and Trace Gases over Himachal Pradesh
The budget of emission of PM, SO 2 , NO x , OC, EC, PAHs and water soluble cations and anions from residential biomass fuels have been calculated and summarized in Tables 5 and 6 , using their EFs and the annual consumption data (TEDDY, 2013) ). The annual budget estimate points towards the fact that though the particulates EF of DC was higher than FW but the overall emission relies on the consumption of the biomass fuel.
Similarly, budget of emission of OC and EC was also estimated (Table 6 ). Annual emission of OC from FW and DC was almost consistent, whereas, emission of EC from FW (0.55 ± 0.28 Gg yr -1 ) was almost seven times higher than that observed for DC (0.078 ± 0.006 Gg yr -1 ). Contribution of total carbon (OC + EC) to the particulates from the burning of both FW and DC were 26% and 30%, respectively. Emission estimates of OC and EC for FW and DC in the present study were considerably lower than those reported by Sen et al. (2014) over Western region of India.
Using the laboratory generated emission factor of PAHs from the residential biomass burning and consumption of biomass fuel (FW and DC), the budgets of total PAHs emission for the state of Himachal Pradesh were estimated Table 6 . Budget estimates (Gg yr Saud et al. (2011 Saud et al. ( , 2012 ); c Singh et al. (2013) . (Table 6 ). Budget estimation of total annual PAHs from DC in the present study was 13.2 ± 3.0 Mg yr ) estimated in this study was comparatively higher than annual emission from DC. Singh et al. (2013) ). Total annual cationic and anionic emission from the biomass fuels of HP were 1.27 ± 0.77 Gg and 1.51 ± 0.99 Gg, respectively (Table 5) . Saud et al. (2011 Saud et al. ( , 2012 and Singh et al. (2013) reported the budget estimation of particulates and trace gases from the burning of biomass fuels collected from the rural areas of Uttarakhand, a mountainous state in the IGP region of India. EFs calculated for the emissions in the present study over Himachal Pradesh and the one over Uttarakhand were used to estimate the annual emissions of PM, OC, EC, PAHs and trace gases (SO x and NO x ) from biomass fuels (FW + DC) over Northwestern Himalayan region (HP and Uttarakhand). Average particulate emission factor calculated over Northwestern Himalayan region for FW and DC was 3.31 ± 2.03 g kg -1 and 11.43 ± 1.13 g kg -1
Emission Estimates of PM, OC, EC, PAHs and Trace Gases over Northwestern Himalayan Region
, respectively (Table 1) . PM emissions noted in this study over Northwestern Himalayan region from FW (14.90 ± 9.14 Gg yr -1
) was approximately four times higher than from DC (3.44 ± 0.39 Gg yr -1 ) (Table 6 ). Similarly, average emission factors of OC, EC and total carbon (TC) were 0.76 ± 0.49 0.29 ± 0.12 g kg -1 and 1.05 ± 0.61 g kg -1 , respectively from FW. Average OC emission observed in the present study from DC (3.2 ± 0.34 g kg -1 ) was considerably higher than those noted for FW (0.76 ± 0.49 g kg -1 ) ( Table 6 ).
Comparison of Emission of Pollutants from Northwestern Himalayan Region with Western and IGP Region of India Emission Factor
Present study over Northwestern Himalayan region is compared with the emission of different chemical species from FW and DC over Western and the IGP region of India (Table 7) . The particulate emission in the present study from FW and DC was considerably high as compared to the average EFs estimated for FW (1.69 ± 0.98 mg kg -1 ) and DC (5.37 ± 3.90 g kg -1 ) over Western India by Sen et al. (2014) . Contrary, particulate EF noted for FW and DC by Saud et al. (2011) over IGP region was noted high as compared to the emission values evaluated over Northwestern Himalayan region (Table 7) . Similarly, values of OC and EC from the burning of FWs were slightly higher in present study than observed over Western India (OC: 0.43 ± 0.29 mg kg ) (Sen et al., 2014) . Contrary, EF of OC over the IGP region (OC: 0.95 ± 0.27 g kg -1
) were at higher side whereas EF of EC (0.35 ± 0.07 g kg -1 ) was comparable with present value over Northwestern Himalayan region. EF of SO 2 for FW over Northwestern Himalayan region (0.30 ± 0.21 g kg -1 ) was higher than reported in Saud et al. (2011) work over IGP region (0.26 ± 0.10 g kg -1 ), however, the average values for DC in present study (0.23 ± 0.15 g kg -1 ) were in the range (0.28 ± 0.09 g kg -1 ). SO 2 EF was substantial lower in the present study than those reported by Sen et al. (2014) ; cation: 0.43 ± 0.18 g kg -1 ). Saud et al. (2011 Saud et al. ( , 2012 Saud et al. ( , 2013 , b Sen et al. (2014) , c Based on total consumption of biomass fuels (FW + DC).
Budget Estimation
We also report here the comparative study of total annual emission budget estimates of particulates and trace gases from the biomass fuels (FW+DC) in three different regions of India (Table 7) . Total annual emission of PM from biomass fuels (FW +DC) of IGP, India (1330 ± 557 Gg yr -1 ) was much higher followed by Western India (123.66 ± 71.23 Gg yr ). This is due to the fact that in IGP alone total annual consumption of biomass fuel (FW+DC) is approximate 135 Mt followed by Western India (50.6 Mt). In Northwestern Himalayan region (HP + Uttarakhand) total consumption of biomass fuel is significantly less (4. ). Like SO 2 , NO x annual budget estimation follows the same pattern (Table 7) . Here it is significant to note that despite of less consumption of biomass fuel in Western India as compared to IGP; annual emission of SO 2 and NO x was comparatively higher in Western India from the burning of biomass fuels.
In the present study we have also estimated emission per square kilometer of particulates and trace gases over different regions of India (Fig. 2) ). Per km 2 emission of anion and cation were found almost 4 times high over IGP and 2.5 and 1.5 times higher over Western India when compared with Northwestern Himalayan region.
Fig. 2. Budget estimation (Mg km
-2 ) of chemical species over different environment of India: Comparative study.
Significant Ratios
Ratios of OC, EC and TC to PM in the flue gases from the combustion sources have been used as the tracer in the source apportionment studies. Higher ratio of OC to EC is the indicative of biomass burning; conversely, it alludes towards the presence of fossil fuel combustion sources (Novakov et al., 2000) . In earlier studies, Saud et al. (2012) and Sen et al. (2014) have reported OC/EC, OC/TC, TC/PM, K + /EC and Cl -/EC ratios over the IGP and Western India from. In the present study, we have also calculated the above ratios for both the fuel types (FW and DC). Average OC/EC ratio was highest for DC (12.30) followed by FW (2.62). Similarly, average OC/TC ratios for FW (0.72) and DC (0.92) varied marginally. OC/EC ratio calculated over IGP and Western regions of India for biomass fuels was >1.0 and OC/TC ratio in the present study for FW and DC was consistent with the ratios reported for same biomass fuels over the IGP and Western region of India. Similarly, Cl -/EC ratio reported in biomass burning emission was 0.15-0.44 (Ferek et al., 1998; Yamasoe et al., 2000) , average Cl -/EC ratio in the present study (0.96) was comparatively higher but resembles with the values reported over IGP (0.94) for FW. The constituents of K + and Cl -rich particles present in the vegetation volatilized during the combustion process and afterwards converted into the particulate phase by nucleation or condensation (Alves et al., 2010) . Emissions from fossil fuel combustion do not have K + and therefore K + /EC ratio is most likely to be zero or negligible (George et al., 2011) . In the present study the average K + /EC ratio calculated (FW: 0.64 and DC: 0.12) were in the range of the ratios calculated by Andreae, (1983) and Ram et al. (2010) for biomass burning emission. -and PO 4 3-) were determined in the laboratory through simulation of burning for the two categories of biomass fuels (FW and DC) collected from the rural areas of Himachal Pradesh. In addition, EFs of chemical species from biomass fuels over Uttarakhand were used to estimate the annual emission of particulate and trace gases over Northwestern Himalayan region.
CONCLUSIONS
Important features in the present study are discussed below: 1) EFs of PM from FWs (3.44 ± 2.38 g kg -1
) over HP were comparatively lower than that from DC (11.43 ± 1.13 g kg -1
). Average emissions of SO 2 and NO x from FW were 0.43 ± 0.38 g kg -1 and 0.59 ± 0.49 g kg -1 , respectively. Similarly, EFs of SO 2 and NO x from DC were 0.23 ± 0.15 g kg -1 and 0.34 ± 0.18 g kg -1 . 2) Emission of carbonaceous aerosols (OC and EC) constitutes ~26% and ~30% of the PM from FWs and DC, respectively. It was observed that OC emissions over HP from FW (0.60 ± 0.44 g kg -1
) were lower than from DC (3.20 ± 0.34 g kg -1 ). Annual emission of OC from both FW (1.08 ± 0.79 Gg yr -1 ) and DC (0.96 ± 0.10 Gg yr -1 ) were comparable despite of the fact that the consumption value of DC was significantly less. EF of EC for FW (av. 0.31 ± 0.16 g kg -1 ) and DC (av. 0.26 ± 0.02 g kg -1
) was nearly same. Total annual carbonaceous aerosol (OC +EC) emission observed from the biomass fuels over HP was 2.66 ± 1. 
